Abstract. Non-Planckian (NP) spectral modifications of the CMB radiation spectrum can be produced due to the existence of a non-zero value of the plasma frequency at the recombination epoch. We present here an analysis of NP effects on the radio cosmological background and we derive, for the first time, predictions of their amplitude on three different observables: the CMB spectrum, the Sunyaev-Zel'dovich (SZ) effect in cosmic structures, and the 21-cm background temperature brightness change. We find that NP effect can manifest in the CMB spectrum at ν ∼ < 400 MHz as a drastic cut-off in the CMB intensity. Using the available CMB data in the relevant ν range (i.e., mainly at ∼ < 1 GHz and in the COBE-FIRAS data frequency range), we derive upper limits on the plasma frequency ν p = 206, 346 and 418 MHz at 1, 2 and 3 σ confidence level, respectively. We find that the difference between the pure Planck spectrum and the one modified by NP effects is of the order of mJy/arcmin 2 at ν ∼ < 0.5 GHz and it becomes smaller at higher frequencies where it is ∼ 0.1 mJy/arcmin 2 at ν ∼ > 150 GHz, thus indicating that the experimental route to probe NP effects in the early universe is to observe the radio cosmological background at very low frequencies. We have calculated for the first time the NP SZ effect (SZ N P ) using the upper limits on ν p allowed by the CMB data. We found that the SZ N P effect shows a unique spectral feature, i.e. a peak located exactly at the plasma frequency ν p and this is independent of the cluster parameters (such as its temperature or optical depth). This offers a way, therefore, to measure directly and unambiguously the plasma frequency in the early universe at the epoch of recombination by using galaxy clusters in the local universe, thus opening a unique window for the experimental exploration of plasma effects in the early universe. We have shown that the SKA-LOW has the potential to observe such a signal integrating over the central regions of high-temperature clusters. The studies of NP effects through the SZ N P can be done by intensive observations of only one galaxy cluster, or with a stacked spectrum of a few well known clusters, thus avoiding the need of large statistical studies of source populations or wide area surveys. Finally, we also show that future low-ν observations of the cosmological 21-cm background brightness temperature spectral changes have the possibility to set global constraints on NP effects by constraining the spectral variations of the temperature brightness change δT b induced by the plasma frequency value at the epoch of recombination.
Introduction
The existence of a Planck spectrum for a system filled with a black body (BB) radiation assumes the presence of thermodynamic equilibrium between photons and matter. Interaction between photons and matter must be small enough for the gas of photons to be considered ideal and to avoid substantial absorption and irreversible attenuation of electromagnetic radiation in the system (we note here that the interaction between photons is extremely weak). At the same time, the presence of matter and the weak interaction between matter and radiation is necessary for the photon gas to be in equilibrium ( [18] ). These conditions are valid for a BB radiation from a photon gas and hence are also expected to be valid for the cosmic microwave background (CMB) spectrum emerging at the epoch of recombination (at redshift z rec ≈ 1400) because the CMB spectrum is assumed and measured [12] to be close to a Planckian BB spectrum. In this context, we notice that in non-ionized media (e.g., a rarefied gases) the dispersion relation for electromagnetic radiation is given by ω = ck (1.1)
where k is the wavenumber, c the speed of light and ω the angular frequency of the photon. However, in a medium which is ionized (e.g., an ionized plasma), the analogous dispersion relation is given by [28] 
where Ω p = 2πν p is the angular plasma frequency, with ν 2 p = N i=1 n i e 2 /4πm i being the actual plasma frequency, where the sum is over all charged particles species. The existence of such a dispersion relation is due to the coupling between the electromagnetic waves (photons) and the collective behavior of the plasma [16] . Consequently, photons with frequencies lower than the plasma frequency ν p do not exist in the final radiation spectrum. The presence of a non-zero value of the plasma frequency (in the following we use for our convenience the a-dimensional plasma frequency x p = hν p /k B T CM B , with k B being the Boltzmann constant and T CM B the CMB temperature today) will cause the intensity of the photon spectrum to be zero for frequencies less than x p and this fact will reflect as a modified blackbody spectrum subject to non-Planckian (NP) effects. A general form for such a NP spectrum has been derived by [28] and [20] for astrophysical plasma-photon systems, such as the CMB and γ-ray bursts atmospheres. We note here that the plasma frequency x p depends on the number density of all charged particles in the plasma, and hence deviation from Planck spectrum will also depend on this number density. In a cosmological context, the recombination epoch is one of the earliest epochs where the CMB spectrum could be affected by NP plasma effect. A further cosmic epoch where these effects could also take place is the epoch of reionization (EoR) at much lower redshifts z EoR ≈ 20 to 6 [29] , where the ionization fraction of the cosmic plasma increases and hence NP effect might be expected. In addition to the ionized primordial plasma, other sources of charged particles, such as electrons and positrons created during dark matter (DM) annihilations in the early universe both at recombination and during the EoR can affect the plasma frequency thus adding an additional potential source of NP effects. In fact, it has been found [9] that the recombination epoch can be perturbed by DM annihilation and this can lead to a rise in the ionization fraction and in turn to the emergence of NP effects.
So far, only theoretical arguments on NP plasma effects on the CMB have been discussed and neither experimental limit has been derived nor observational strategies to probe these effects has been proposed. In this paper we want to derive for the first time constraints on the value of x p first from the spectral shape of the CMB using current observations. In order to check if there is evidence for a non-zero value of x p in the CMB spectrum, we therefore perform a comparison of the theoretical expectation for a NP CMB spectrum with the available observations at both low (radio) and high (microwave and mm.) frequencies. While the knowledge of the CMB spectrum is very precise in the microwave region after the COBE-FIRAS measurements [12] , its knowledge at lower radio frequencies (particularly at frequencies below 1 GHz where the NP effects are expected to emerge) is still quite uncertain [15, 25, 26] . Therefore, in Sect.2 we will investigate first the limits on NP effects on the CMB spectrum and on the value of x p from the comparison with CMB measurements. We further stress that the modification on the CMB spectrum at low-ν has an effect on other observable quantities that depend on the CMB spectrum. In this paper we will consider two additional cosmological observables whose spectral shapes are modified by the presence of NP effects in the CMB spectrum: i) the Sunyaev-Zel'dovich (SZ) effect produced by the inverse Compton scattering (ICS) of CMB photons off the electrons residing in the atmospheres of cosmic structures like galaxy clusters, radio galaxies and galactic halos [3] , and ii) the temperature brightness change of the cosmological 21-cm background as produced by the evolution and reionization history of the primordial plasma during the Dark Ages (DA) and the epoch of reionization (EoR) [29] . Thus, in Sect.3 we study the imprint of the NP deviations on the CMB spectrum on the Sunyaev-Zel'dovich (SZ) effect in both thermal and non-thermal plasmas and we show that the main modifications to the standard SZ effect arise mainly in the very low-ν range where a very specific spectral shape of the modified SZ effect can be observed. We will show that at ν ∼ < 500 MHz these spectral features allow to measure directly the plasma frequency x p . Then in Sect.4 we will explore the effect on NP deviations of the CMB spectrum on the temperature brightness change of the cosmological 21-cm line background emerging from the Dark Ages and Epoch of Reionization and we predict the brightness temperature modifications observable with the next generation radio telescopes. We finally discuss our results in Sect. 
The spectral distribution of the CMB
The spectral distribution of a photon gas which is in equilibrium with matter (e.g rarefied gases) at temperature T is given by the Planck distribution which can be written in terms of the a-dimensional frequency x = hν/k B T as
For the case of the CMB, T = T CMB = 2.725 ± 0.001 K [13] and h is the Planck constant, k B is the Boltzmann constant and c is the speed of light. In a ionized plasma with electron plasma frequency x p , deviations from Planck distribution in eq.(2.1) are possible because photons are suppressed at frequencies lower than x p . By taking in consideration this effect, we can write the generalized Planck distribution for the CMB photons as follows [28] 
where H(x − x p ) is the Heaviside step function (with values 1 for x > x p and 0 for x ≤ x p ). The
Step-function H(x − x p ) takes into account the fact that photons are suppressed at frequencies below x p . The difference between the two distributions is more pronounced if x p is larger than 1 but nonetheless there are appreciable differences even for values of x p < 1. The largest contrast between the generalized Planck distribution in eq. (2.2) and the standard Planck distribution in eq.(2.1) is Figure 1 . The non-Planckian spectral distribution of the CMB for different values of the plasma frequency νp as derived from the fit to the data. The experimental data shown here are from [15, 25, 26] and COBE ( [12] ).
Other data in the range ∼ 1.3 − 50 GHz obtained from ground-based, ballon-borne and from the COBE-DR experiment (see http://asd.gsfc.nasa.gov/archive/arcade/cmb spectrum.html) are not shown here but they lie almost exactly along the curves of the CMB spectrum shown in the plot.
that the former has a cut-off frequency which depends on x p . We also notice that the frequency at which the maximum of the CMB spectrum occurs shifts to higher frequencies as the cuff-frequency x p increases [28] and that the CMB peak intensity decreases as the value of x p increases. In order to investigate the presence of non-Planckian effect on the CMB spectrum, we fit the NP distribution of the CMB spectrum in eq.(2.2) to the CMB data [12] , [15, 25, 26] and we minimize the χ 2 with respect to the plasma frequency x p ; in principle one can also use the CMB temperature T as a free parameter: however, we set its value to the one measured by COBE-FIRAS that is very accurate with uncertainty of order of ≈ 0.03% and it is also determined in the high-ν range of the CMB spectrum (around its maximum) where the NP effects are small. With this fitting procedure we obtain a value of x p = 0 for the minimum χ 2 . This means that a pure Planckian spectrum is best fitting the present data. However, the uncertainties in the data (in particular at low frequencies ν < 1 GHz) allow us to set upper limits on the quantity x p which are x p = (3.63, 6.10, 7.36) × 10 −3 for 1σ, 2σ and 3σ confidence level (c.l.), corresponding to frequencies of 206, 346 and 418 MHz, respectively. In Fig 1 we show the NP effects on the CMB spectrum over the full frequency range. This result indicates that it is not possible at the 3σ c.l. to distinguish between the Planck spectrum and the NP modified spectrum based on the current knowledge of the CMB spectrum. This fact opens hence an experimental window for the exploration of NP effects in the early universe. We then show in The non-Planckian effects due to a finite value of the plasma frequency νp on the CMB spectrum at ν < 1 GHz for different values of the upper limit on νp as obtained from the fit to the CMB spectrum data. Experimental data are from [15, 25, 26] x p = 3.63 × 10 −3 at 1σ c.l., or below ≈ 418 MHz, i.e. for the value of x p = 7.36 × 10 −3 at 3σ c.l. In  Fig 3, we show the relative CMB spectrum variations around the peak of the CMB where the COBE data [12] are available (for the sake of illustration of the amplitude of the NP effects we zoom within the region 149-191 GHz around the maximum of the CMB spectrum). As shown in Fig 3, the CMB spectrum intensity decreases with increasing values of x p and the frequency location of its maximum increases with increasing value of x p . The amplitude of the CMB intensity variation due to NP effects is of order of ≈ mJy/arcmin 2 at low-ν while it is of order of ≈ 0.1 mJy/arcmin 2 at high-ν. Therefore, the best frequency region to look experimentally for these effects is at low radio frequencies, i.e. at ν ∼ < 1000 MHz. Our analysis shows that precise measurements of the CMB spectrum at low radio frequency (ν ∼ < 1000 MHz) have the power to set strong constraints to NP effects due to the existence of a finite value of the plasma frequency at recombination and that one can probe these effects with the next generation experiments like the SKA (SKA-LOW and SKA-MID [10] ) and HERA [1] . Even though the CMB spectrum can be considered as a direct probe of NP effects in the early universe, its measurement at very low radio frequencies ∼ < 400 MHz is challenging and it is subject to various experimental systematics and biases, and on the ability to subtract carefully radio foregrounds [21] . The next generation low-ν radio telescopes (SKA, HERA) will increase our knowledge of the CMB spectrum in this frequency range, but the problem of foreground contamination and of the component separation of such diffuse signals at low frequency still remains. Therefore it is interesting to explore the use of other observable quantities that depend directly on the CMB spectrum, like, e.g., the modified SZ effect [5] and the modifications to the 21-cm brightness temperature change w.r.t. the CMB. In the following Sections we will discuss these two additional probes of NP effects in the early universe. 
The modified Sunyaev Zel'dovich effect
Another method which can be used to probe the existence of non-Planckian effect in the CMB is to use the modified SZ effect (see [5] , and [2, 4] for the general derivation of the SZ effect). The SZ effect is a spectral distortion of the CMB spectrum where the CMB photons interact with the electrons (thermal and non-thermal) residing in the atmosphere of galaxy clusters and other structures on large scales, like e.g. radio galaxies and galaxy halos. The SZ effect is a differential measure of the CMB spectrum on and off an area of the sky containing the selected cosmic structure and hence it is not affected by large-scale foregrounds in the observations at low-frequency (see [7] for a discussion).
The spectral distortion due to SZ effect on the CMB spectrum can be computed, at first order in the optical depth τ e = σ T d n e , as follows [4] :
where P 1 (s) is the single scattering redistribution function, obtained by summing the photon redistribution function P s (s, p), that gives the probability to have a logarithmic shift s = ln(ν /ν) in the photon frequency due to the ICS process by an electron with a-dimensional momentum p = βγ, over the electron momentum distribution function f e (p), normalized as to have ∞ 0 f e (p)dp = 1 (see [4, 11] ). This is written as
For the calculation of the standard SZ effect, the quantity I 0 (x) is a Planck spectrum in the case of the CMB. Since the SZ effect is related directly to the spectrum of the CMB (see eq.3.1), the existence of non-Planckian effect in the CMB background will be reflected directly in the SZ spectral distortion, and it is expected to be visible in particular around the cut-off frequency x p . In order to compute the SZ effect for the case of a NP spectrum, eq.(2.2) is inserted into eq.(3.1) instead of I 0 (x) as follows
One can notice directly from this equation that the final SZ spectral distortion in the case of NP plasma effect depends directly on x p , hence the plasma frequency ν p . In the context of the SZ effect modified by NP effects (that we refer here to as SZ N P ) we first compute the thermal spectral distortion for an electron plasma within galaxy clusters with τ e = 10 We notice that the frequency at which the maxima of the SZ N P occurs is exactly x p and is independent of the cluster temperature. This spectral feature offers therefore a direct experimental probe of the plasma frequency in the early universe as measured by the SZ N P in structures of the local universe. We stress that this is a unique characteristic of the SZ N P and allows to use observations of the local universe to infer directly the physics of the early universe. We also show that the amplitude of the peak of SZ N P increases with the temperature and density (i.e. with the total Compton parameter Y ∝ d P e , where P e is the total electron pressure) of the electron gas. The spectral shape of the thermal SZ N P is very peculiar and it is peacked in a quite narrow frequency range of the order of ∆ν ≈ 20 MHz for kT = 5 keV and ∆ν ≈ 50 MHz for kT = 20 keV, reflecting hence the relativistic effects of the electron distribution in the photon re-distribution function P 1 (s). At frequencies larger than 1 GHz, the SZ N P becomes close to the standard Planckian one, i.e. the standard SZ effect calculated with the non-distorted CMB Planck spectrum [4] as an input.
The SZ N P can appear in the form of both thermal and non-thermal effects depending on the nature of the electron population producing the ICS of the CMB photons (i.e. thermal electrons in clusters for the thermal SZ N P and non-thermal or relativistic electrons for the non-thermal SZ N P ). For completeness, therefore, we also compute the effect of non-planckian CMB distribution on the non-thermal SZ N P effect which is shown in Fig 5 for a power law electron spectrum with spectral index α = 2.5 and different values of the minimum momentum p 1 of the non-thermal electron distribution. In this case, the peak of the SZ N P decreases with increasing value of p 1 because the high-E electrons scatter photons to very high frequency. In this case the peak of the SZ N P is less pronounced (see Figure 4 . The thermal SZ effect spectral distortions computed for galaxy clusters with increasing plasma temperature (see various panels) for a standard Planck distribution (solid line) and including the effect of non-Planckian distribution of photons for the values of the plasma frequency xp derived at 1σ, 2σ and 3σ level. The cluster plasma optical depth is fixed to the value τ = 0.001. Fig.5 ) but still it is located at the plasma frequency value x p . The width of the SZ N P spectrum (see Fig.5 ) is larger due to the enhanced impact of the relativistic effects of the high-E electron population and its shape reflects therefore the different nature of the scattering plasma. Possible observations of the SZ N P can therefore address the question of the intrinsic nature of the plasma in the target cosmic structure (e.g., galaxy clusters vs. radio galaxies).
In order to study the possible detectability of NP effect on the CMB, we have compared the SZ N P spectrum integrated over an angle of 5 radius of a Bullet-like cluster with temperature of kT = 15 keV. Fig 6 shows the difference between the SZ spectrum ∆Ĩ and ∆I compared to the sensitivity of the SKA1 and SKA50% for 1000 hrs of observations and to the eVLA sensitivity for 12 hrs of observation. We found that the values on the plasma frequency ν p = 206, 346 and 418 MHz at 1, 2 Figure 5 . The non-thermal SZ spectral distortion for the case of non-thermal plasmas with increasing electron minimum momentum p1 (see various panels) for a usual Planck distribution (solid line) of photons and the effect of non-Planckian distribution at 1σ, 2σ and 3σ level computed in the case of a single power law for different minimum momentum p1. We use here an optical depth of τ = 0.001. and 3 σ c.I, derived from the analysis of the CMB spectrum, can be detected with both SKA-LOW and SKA-MID band1 (350-1050 MHz).
Modifications to the cosmological 21-cm background
The frequency range where NP effects can be observed (see Sects.2 and 3) is the same where the distortion of the CMB spectrum induced by the 21-cm background is more relevant [14] . For this reason we explore in this Section how NP effects on the CMB spectrum as in eq.(2.2) impact on the cosmological 21-cm background spectrum. To this aim, we discuss the results of our spectral analysis Figure 6 . The difference between the SZNP and the Planckian SZ for a Bullet-like cluster with temperature of 15 keV (see [19] ) subtending an angle of 5 to its R500. An optical depth of τ = 0.001 is assumed. The SKA1 (red) and SKA-50% (orange) sensitivity is calculated for 1000 hrs integration while the eVLA sensitivity (green) is calculated for 12 hrs integration.
in term of the brightness temperature change given by
For a Planckian CMB spectrum, the 21-cm background appears as a perturbation on the CMB background, so we have:
where T 21 is the brightness temperature of the 21-cm background and T 0 is the brightness temperature of the CMB. In the case of a non-planckian CMB spectrum, the previous relation can be generalized as follows
Once we fixed the value of x p , we can distinguish two frequencies regimes: i) ν < ν p : in this caseT 0 = 0, and therefore δT =T 21 . If we assume thatT 21 ≈ T 21 , i.e. the 21-cm background is not sensibly changed by the NP spectral distortion, as it is expected because the main physical processes affecting the 21-cm background depend on the global temperature of the system which is not heavily affected by a distortion at small frequencies, then we can write:
so the frequency change in brightness temperature is the same as in the Planckian case, but its amplitude is shifted by a value T 0 (that in the RJ region has a constant value equal to the CMB temperature).
ii) ν > ν p : in this case we can write the NP modified spectrum in the RJ region as: 5) and the corresponding brightness temperature is:
By assuming againT 21 ≈ T 21 , the change in the temperature brightness is given by:
In Fig.7 we show the spectral change of δT for different values of ν p from 0.2 to 100 MHz, by assuming a standard benchmark model (as discussed in [6, 8] ). For ν < ν p the change δT is the same δT obtained than in the standard Planckian case but its amplitude is increased by the value T 0 ; for ν ∼ > ν p the quantity δT decreases very rapidly with increasing frequency, and for ν ν p it then becomes equal to the standard value δT in the Planckian case. Fig.7 shows that even low values of the plasma frequency ν p ∼ < 206 MHz (i.e., the 1 σ upper limit set by the CMB spectrum analysis in Sect.2) can largely change the 21-cm radiation background spectrum and hence our ability to recover the history of the EoR and of the DA. NP effects do not change the physical mechanisms that are working during these epochs but change the brightness temperature contrast δT relative to the CMB that we can use to prove these remote cosmic epochs. Interestingly, the brightness temperature contrast δT in the case in which NP effects are present on the CMB is increased w.r.t. the standard assumption of a pure Planckian CMB spectrum. This fact on one hand yields larger signals that could be detected more easily even with precursors of the SKA and HERA, and on the other hand provides an effective possibility to set limits or even prove the existence of NP effects in the early universe by looking at the global spectrum of the 21-cm background. Available limits from the PAPER experiment [22] in the 100-200 MHz provide limits only on the average temperature brightness of T b < 275 and 291 mK for values of the ionization fraction x i = 0.5 and x i = 0.75 of the ionization power spectra, respectively, which cannot be unfortunately directly compared to the predictions for the quantity δT used in our paper. The next generation SKA and HERA low-frequency interferometers will have the possibility to improve the knowledge on the brightness temperature contrast δT down to levels of ∼ 3 mK (∼ 0.3 mK) with SKA phase-1 (SKA phase-2) at 3σ c.l. in about 1000 hrs at 150 MHz [17] and possibly cover a wider frequency range, thus allowing to set much stronger limits on ν p from the spectrum of δT (ν).
The SKA1-LOW band 50-350 MHz will be able to set limits only on plasma frequency values ν p ∼ > 10 MHz because for lower values of ν p of order of a few MHz the NP modified 21-cm background spectrum is very close to the Planckian case at the lower end of the SKA-LOW band (see Fig.7 ). Therefore, the SKA-LOW will have a sensitivity to the NP effects at the redshift (frequency) of the EoR. We speculate here that other sources of more recent NP effects can arise during the EoR due to the increasing ionization fraction of the cosmic plasma at this epoch caused by Ly-α interactions, heating due to UV/X-ray primordial sources and DM annihilation. The treatment of this secondary NP effects is well beyond the purposes of this initial paper and will be addressed more specifically elsewhere.
Discussion and conclusions
We have performed for the first time in this paper a cosmological analysis of NP effects on the radio cosmological background and we derived predictions for their amplitude on three different observables: the CMB spectrum, the SZ effect and the 21-cm temperature brightness change. We have shown that NP effect can manifest on the CMB spectrum at ν ∼ < 400 MHz as a drastic cut-off in the intensity of the CMB (see Fig.2 ). Using the CMB data of COBE and lower frequency measurements, we derived for the first time upper limits on the plasma frequency ν p = 206, 346 and 418 MHz at 1, 2, 3 σ c.I., respectively. The difference between the pure BB Planck spectrum and the one modified by NP effects at these low frequencies is of the order of mJy/arcmin 2 and this difference becomes smaller at higher frequencies (ν ≈ 150 GHz) where it is of the order of 0.1 mJy/arcmin 2 , thus indicating that the experimental route to probe NP effects in the early universe is to observe the radio cosmological background at very low frequencies.
We have also computed the SZ N P effect using the upper limits on ν p allowed by the present data of the CMB (Sect.2) and it has been found that the NP effect produces a unique imprint on the SZ N P effect spectrum at ν ∼ < 1 GHz. We found that the SZ N P effect shows a unique spectral feature, a peak, located exactly at the plasma frequency ν p and this is independent of the cluster parameters (such as its temperature or optical depth). This offers a way to measure directly and unambiguously the plasma frequency in the early universe at the epoch of recombination by using (in principle only one) cluster in the local universe, thus opening a unique window for the experimental exploration of plasma effects in the early universe. We have shown that the SKA-LOW and SKA-MID has the potential to observe such a signal integrating over the central regions (≈ 5 radius) of high-temperature (k B T ∼ 15 keV) clusters. Observing the SZ N P also benefits from its differential nature thus being less affected by the large impact of large-scale foreground emission that is one of the main systematic biases that limits the study of the intensity spectrum of the cosmological background radiation. The SZ N P has also the appealing property that we can study the presence of NP effects in the early universe by looking at very local cosmic structures for which the structural parameters are know with high accuracy. Finally, we mention that studies of NP effects through the SZ N P can be done by intensive observations of only one galaxy cluster, or with a stacked spectrum of a few well known clusters, thus avoiding the need of large statistical studies of source populations or wide area surveys.
Finally, we have shown that future low-frequency observations of the cosmological 21-cm brightness temperature spectral changes have the possibility to set global constraints on NP effects by constraining the spectral variations of δT induced by the plasma frequency value at the epoch of recombination. We discussed, in this context, that even moderate limits on the average brightness temperature of the 21-cm background obtained with SKA precursors, like e.g. the PAPER experiment, are able to start limiting the possible values of ν p in its high-frequency domain (of order of 100 to a few hundreds MHz).
In conclusion, we have demonstrated that the study of low-frequency radio cosmological backgrounds has a strong and unique potential for proving the physics of the early universe. This paper aligns such the idea of proving NP effects with our previous studies of the photon decay effects in the early universe [5] and on the study of the DA and EoR through the SZE-21cm [6, 7] , and indicates that this area of investigation of the fundamental physics of the universe will receive a boost with the next generation high-sensitivity radio telescopes like the SKA.
